The term "mixed fisheries" refers to fishing activities where more than one species are caught simultaneously and one species may be fished by different gears. Therefore, mixed fisheries present a harder challenge for fisheries management than single-species fisheries and the uncertainty can start at the definition of the target species. In these particular fisheries, we have a large group of species that are caught, being target or not, species with large landing values that are actually not target, and species with a high economic value that can fall in the bycatch category. Although the dynamics of such fisheries is poorly understood, they are known to have a relevant contribution to Portuguese fishers' revenue. The present demand on sustainable fishing activities to ensure marine ecosystem preservation has led towards an ecosystem approach where effort is being made to take into account biological and technical interactions on management measures and advice. In this work, logbooks data of the Portuguese multi-gear fleet were used to identify different fisheries based on catch composition and gears through cluster analysis (CLARA). Two identified fisheries were used to explore the impact of these fishing activities on the ecosystem scale. This approach was achieved by a productivity and susceptibility analysis and through foodweb analysis. The relation between species vulnerability and their functional role in the ecosystem were highlighted. Technical interactions among fishing gears, and species biological interactions, were explored within and among fisheries. We found and illustrated that these interactions go beyond the fleets and fisheries considered in the present work. This approach allows us to identify key elements that can, ultimately, be relevant to an ecosystem-based approach towards mixed fisheries management.
Introduction
Fishing at sustainable levels is changing from single-species-based management towards a broader perspective: the ecosystem approach. This present shift of management perspective is clearly a response to the current needs of actively integrating diverse physical, biological, and socio-economic data, and of thinking critically about the ways in which decisions affect trade-offs among ecosystem goods and services valued by society (Levin et al., 2009) . The emerging ecosystem approach to fisheries management takes into account ecosystem knowledge and uncertainties, considering multiple external influences, such as habitat impacts, indirect effects of fishing activities, and interactions between biological and physical components of ecosystems in fisheries management (Nielsen et al., 2006) . One important underlying idea that the ecosystem approach takes into account is the interaction between fish stocks, while the present advice on resources management is still tacitly based on the assumption that fish stocks do not interact. These interactions can be grouped into "technical" and "biological" categories. Technical interactions refer to the competition among fleets for the same species and the catch of several species by one fleet, whereas biological interactions refer to predation and food competition among stocks (Nielsen et al., 2006) . Instead of focusing just on fisheries profitability, and isolated sustainability inferences, or on the ecological component and its conservation issues, this approach includes the idea that the provision of ecosystem services arises from the interaction between ecological and economic systems, with the latter often impacted by factors which are external to the former (Tschirhart, 2009 ).
This broader-scale management implies a shift of management units from stock towards fleets and fisheries (Nielsen et al., 2006) . Within the definition of these new units is the acknowledgement that fish stocks are not explored in an isolated manner, and that they coexist in the marine environment. Therefore, interactions between species are taken into account, as well as user responses to changes in resource's dynamics and the fishery system in general (Salas and Gaertner, 2004) . As a result of the complex nature of integrated ecosystem assessment, a flexible and adaptable approach is required (Dickey-Collas, 2014) , leading to the ongoing development and optimization of integrative tools and analyses. The complexity of this new strategy can be translated into three structural compartments: the understanding of species' role and interactions within the ecosystem, where foodweb characterization is required as an initial step (Link, 2002; Pimm, 2002; Montoya et al., 2006; Braga et al., 2012) , the acknowledgement of fisheries as management units (Kraak et al., 2012; Ulrich et al., 2012) , and the inclusion of fishing activity impacts at the ecosystem scale (Hobday et al., 2007 Micheli et al., 2014) .
The ecosystem approach is desirable to assess the multifleet and mixed fisheries nature of many European fisheries (Hilborn, 2007) . In fact, there is a general understanding that mixed fisheries are an issue of concern in the traditional single-stock management currently in use, since species catches are interlinked due to technical interactions between different fleets and gears (Ulrich et al., 2012) . For example, traditional management measures in place for a stock may redirect the fishing effort to species whose stocks are not evaluated and do not have established TACs (Andersen et al., 2010; Poos et al., 2010) . However, the ecosystem approach also presents a harder challenge for fisheries assessment and management, given the potential diversity of species being caught in a single haul and the difficulty of distinguishing target from bycatch species (Wilson and Jacobsen, 2009) .
Mixed fisheries, and particularly the multi-gear fleets, are responsible for a great fraction of the Portuguese mainland landings, representing, in 2011, 47.8% of the total weight of fish landed (INE, 2012) . Multi-gear fleets include the coastal fleets (vessels longer than 12 m, with licenses for passive gears) and the small-scale fleets (vessels ,12 m), two of the four administrative vessel segments defined for the continental coast by Direcção-Geral dos Recursos Naturais, Segurança e Serviços Marítimos (DGRM), the Portuguese fisheries authority. The remaining two segments are the purse-seine and the trawl fleets. The coastal multi-gear fleets use a wide variety of passive fishing gears, gill-and trammel-nets, lines and hooks, traps, and pots. Because of its characteristics (larger dimensions and engine power), vessels from this fleet may undertake long fishing trips (2-4 d; Duarte et al, 2009) , where a large number of fishing gears targeting different species can be deployed. As a consequence, landing profiles are quite diverse within and among vessels, since their activity is ruled by a multitude of factors that are considered by fishers to maximize their revenue (Christensen and Raakjaer, 2006) . Technical interactions are known to exist, but fisheries are thus difficult to characterize.
In this study, we illustrate technical and biological interactions between species caught in Portuguese mixed fisheries, giving evidence of the need of a broader assessment perspective than the single-stock assessment currently in place for most of these species. For this purpose, we analyse logbook and landing data to get knowledge of the mixed fisheries fleet, identify trips from particular gears/target species and different methodologies are combined to identify and characterize technological and biological interactions, as productivity -susceptibility analysis and ecological networks, respectively. Finally, the range of effects of particular fisheries at the ecosystem scale is inferred.
Methods

Fisheries identification and characterization
Logbook data from 2009, 2010, and 2011 were used to characterize fleets and fisheries through analyses at the trip level. Trips from vessels with length overall larger than 12 m and with more than one active gear license were selected from the main database for further analyses. The identification of different fisheries was made based on landing profiles per trip, considering a pool of species that corresponded to 90% of the landings for each year and for the selected 350 vessels. Cluster analysis for large datasets (CLARA; Kaufman and Rousseeuw, 2005) was performed each year on separate groups of trips with different landing profiles, using a "cluster" package implemented in R software (Maechler et al., 2014; R Core Team, 2014) . In groups of trips characterized by persistent mixed profiles after CLARA, multiple regression trees were used to explore the possibility of trips differentiation by different factors: seasonality (monthly basis), spatial distribution (ICES rectangles), and gear. Species-gear allocations were made based on clean groups (with landings dominated by one species) and were confirmed for all identified clusters when landings differentiation was achieved by gear. A fishery was defined as a group of trips with similar target (dominant) species and characterized by the use of the same gear. For each identified fishery, a new group of species was selected from the original dataset based on their significance on landings, economic value, and relative importance, combining results from the CLARA analysis, discards information (from IPMA's database), and average commercial value at the first sale. This empirical and qualitative approach was chosen to include species that could have been discarded from the initial dataset used for CLARA.
Technical interactions between fisheries
A productivity and susceptibility analysis (PSA) was performed to assess the vulnerability of chosen species to each identified fishery and to compare vulnerability of the same species to different fisheries. The methodology used followed Hobday et al. (2007 . The PSA is a semi-quantitative and rapid risk assessment tool that relies on the use of life history characteristics of a stock (i.e. productivity attributes: age at maturity, maximum age, fecundity, maximum size, size at maturity, reproductive strategy, and trophic level) and its level of susceptibility to the fishery (also evaluated by a group of defined attributes: availability, encounterability, selectivity, and post-capture mortality) to determine its relative inherent vulnerability. A three-point scale was used to score independently productivity and susceptibility attributes (1: high productivity, low susceptibility-low risk, to 3: low productivity, high susceptibility-high risk). Overall productivity and susceptibility scores were computed as the arithmetic average of the respective scores and plotted on an x-y scatterplot. The overall vulnerability score for the stock was calculated as the Euclidean distance between the origin of the plot and the data point. Cumulative effects of vulnerability of stocks caught by different fisheries were illustrated through Micheli's proposed algorithm, and also based on Hobday's PSA methodology. Through the development of an aggregated susceptibility, this approach takes into account the possible cumulative effects of multiple overlapping fishing activities. For more detailed methodological explanations, see Micheli et al. (2014) and Hobday et al. (2007) .
Technical and biological interactions in the Portuguese multi-gear fleet
Biological interactions within and between fisheries
To evaluate biological interactions between the selected target species of each identified fishery, we have limited the biological interactions to trophic relations and used foodweb theory to establish links between species and identify species with key roles in the foodweb (Montoya et al., 2006) . Predator-prey relationships were obtained from stomach content analysis of the selected species, caught during IPMA's demersal scientific surveys on the Portuguese continental shelf in autumn of 2010, 2011, and 2013 . During this period, more than 600 stomachs were sampled and preys identified to the lowest taxonomic level possible. Percentages in weight and in number of the different prey were estimated for the species included in this analysis. Additionally, regional data on species diet, particularly of poorly sampled species, were taken from available scientific literature to characterize trophic interactions. To improve visualization and simplify the foodweb, lower trophic level (e.g. zooplankton and benthos) and higher trophic level species (e.g. seabirds and marine mammals) were removed. Additionally, non-target-species trophic relationships were ignored and degree-1 species removed.
Network analysis provides a variety of tools for characterizing the topological importance of species in foodwebs. In a foodweb network, species are represented by nodes and trophic links are represented by edges. To quantify the positional importance of each species two centrality measures were considered, the Degree centrality (the number of edges incident to a node) and the Closeness centrality (which measures how many steps are required to access every other node from a given node).
Ecological networks are generally very heterogeneous, consisting of areas with sparse links among species and distinct areas of tightly linked species. These regions of high link density are often referred to as cliques, and clique communities are composed of clustered nodes (species) and short paths between pairs of nodes [see Ings et al. All statistical analyses were carried out in the Renvironment (RCore Team, 2014) using the "statnet" and "igraph" packages (Handcock et al., 2003; Csárdi and Nepusz, 2006) . Networks were explored and visualized with the interactive platform "Gephi" (Bastian et al., 2009) .
Results
Fisheries identification and characterization
Trips from 350 vessels were included in a CLARA analysis. This analysis was performed in a sequential way, so the mixed cluster could be better understood. CLARA results isolated the black scabbard (Aphanopus carbo) fishery, a specific segment of the polyvalent fleet that was already known and a focus of several studies (e.g. Duarte et al., 2009; Farias et al., 2014) . Despite having several gear licenses, the 18 vessels that constitute this segment use mainly bottom longlines. For these reasons, this cluster was excluded from further analysis.
During the considered period, two other clusters were consistently identified: the cluster that corresponds to trips with high landings of octopus and the multispecific cluster (characterized by high landings of several species). In 2009 and 2011, a third cluster was identified due to pouting (Trisopterus luscus) and hake (Merluccius merluccius) landings, respectively (Figure 1 ). Figure 2 shows that all identified clusters are characterized by the use of several gears. Vessels are shared by different clusters, and the number of vessels of each cluster did not change considerably across the years. Results from the regression trees analysis were, statistically trends and will not be presented in detail. Nevertheless, gear seemed to be responsible for landing differentiation, for example octopus landings are present at all clusters and can be allocated to the use of traps and pots (Figure 2 ). The cluster with high landings of pouting and hake is characterized by the use of trammel-net and gillnets, respectively. For further analysis, these two species-gear allocations were considered as different fisheries (trammel-net and gillnet). In fact, the hake fishery was identified from a group of vessels included in the "hake recovery plan", which are known to operate with gillnets. This allowed the allocation of species and gear at the respective cluster without doubts. Gillnet and trammel-net fisheries were considered due to the large group of shared species (Table 1 ). All have a demersal distribution along a wide depth range with predatory feeding habits mostly on other fish and crustaceans.
Technical interactions between fisheries
For the gillnet fishery, PSA results (Figure 3a) have shown a high vulnerability score for Scyliorhinus canicula, whereas the remaining species were classified with medium and low levels of vulnerability. For the trammel-net fishery, medium vulnerability levels were attributed to Trachurus trachurus and Sepia officinalis, whereas the remaining species were classified with low vulnerability scores (Figure 3b) . When considering Micheli's methodology for aggregated PSA, most of the species were classified with medium scores of vulnerability, except Scyliorhinus canicula, that maintain its high vulnerability scores and Scomber colias, Phycis blennoides, M. merluccius, and T. luscus that remained at the low vulnerability area of the PSA plot (Figure 3c ).
Biological interactions within and between fisheries
The achieved sub-foodweb highlighted the central role of target species that are common to both fisheries (referred as common species hereinafter): T. trachurus, Raja spp., M. merluccius, and Conger conger (Figure 4) . These species have a larger number of direct feeding links, mostly as predators. In addition, computing the closeness centrality for each species provided a more realistic evaluation of how rich the interaction pattern of a particular species is, beyond just the measure of degree, i.e. the number of neighbours. Topological analysis revealed the importance of species that were not considered as target (and/or bycatch) for any of the analysed fisheries, which was the case of Micromesistius poutassou. The large amount of direct feeding links, as prey, and the importance of its network position were responsible for this species' high centrality value (Figure 4) .
By the systematic inspection of all possible subsets of species, we identified four maximal four-clique communities in which every species is linked to every other species ( Figure 5 ). These communities were mainly composed of common species (T. trachurus, Raja clavata, and M. merluccius), except M. poutassou, which was consistently present among the identified clique communities. These results show how fully connected trophic communities can occur between different gear target species or even species that are not a target, nor even bycatch for the studied fisheries.
Discussion
The main goals of this study were to illustrate technical and biological interactions in Portuguese multi-gear fleet, which can be relevant to an ecosystem-based approach towards mixed fisheries management. To achieve this, several steps were followed: the differentiation of fishing operations, definition of the most impacted species, and the observation of possible overlapping impacts of fishing activities at the coastal environment. The mixed nature of the Portuguese Used feeding guilds were based on Henriques et al. (2008) . The allocation gear-species was based on the present work.
2622
I. Cardoso et al.
polyvalent fleet was reflected in the cluster analysis results, with the persistent presence of a multispecific cluster characterized by multiple target species and by the use of several gears, not only across the year, but also during one trip. Portuguese fishers, with multigear trips, take advantage of the highly diversified environments that the Portuguese waters offer. In a relatively short distance from the coast, the polyvalent fleet has a range of depth and sea grounds (Pais et al., 2014) that makes it possible, and profitable, to use different types of nets, with different main target species for each gear. However, the large pool of bycatch species hinders the clear and consistent identification, through landings composition, of possible target species. Nevertheless, the existence of such preferable species is known, and both net size and fishing depth have been considered proxies of several target species taken by these gears (Stergiou et al., 2006) . Our approach did not followed the traditional definition of fleet segments and/or métiers, definitions that correspond to social entities rather than to natural entities (Ulrich et al., 2012) . However, it allowed the isolation of groups of trips, whose landing profiles clearly pointed to three target species, such as hake, pouting, and octopus. These trips were separated from the multispecific cluster and were considered to have a species-gear allocation: hake fishery and pouting fishery with gillnet and trammel-nets, respectively, and octopus fishery with traps. Within these results, it is evident that different métiers were artificially merged, not only in the multispecific cluster, but also in the hake, pouting, and octopus clusters. For all clusters, the use of different gears was common, except the octopus fishery, where traps were clearly dominant in all trips. Results not detailed in the present study also show that for some trips, only one gear is recorded but a landings profile reveals the possible use of more than one. For example, there were high landing values of octopus reported on net trips; although possible, the expected catch value would be negligible. Hence, our results are not only reflecting the mixed nature of this fleet, but also the uncertainty on the information collected from logbooks. Misreporting is likely to occur, which may limit the inference quality and particularly the identification and characterization of different fisheries. Future studies should use on-board sampling data to better allocate target species to specific gear types.
Trips assigned to gillnet and trammel-net clusters were further investigated to identify possible technical and biological interactions between gears. Gillnets and trammel-nets are known by their wide area of operation at the marine environment (Stergiou et al., 2006) and these are, in fact, the most widely used gears along the Portuguese coast (Erzini et al., 1997; Fonseca et al., 2005; Duarte et al., 2009) . In the particular case of gillnet fishery targeting hake, it operates along the coast between 50 and 350 m deep with a mesh size of 80 -100 mm. On the other hand, the trammel-net fishery targeting pout operates at the northern area of Portugal's mainland, and fishes down to 200 m with a mesh size of 60 -80 mm. PSA results show that despite the different gears, mesh size, and depths of operation, there is a large group of species being impacted by the two fisheries simultaneously, although some display different scoring values. Unfortunately, species size ranges were not available from our database to better evaluate this overlapping. These fishing operations do not fully spatially overlap in the coastal environment, but may have impacts at different stages of the species life cycle as a result of their different selectivities, acting on different life stages or fractions of the stock (Stergiou et al., 2006) . Differences in vulnerability scores between fisheries, for the same species, are indeed associated with the susceptibility of the species to the gear, especially in what concerns to encounterability and selectivity attributes, given differences in depth of operation and the mesh size/gear configuration.
PSA results also support the existence of cumulative effects of these two gears in the coastal environment as illustrated by Micheli's methodology. From an ecosystem perspective, groups Technical and biological interactions in the Portuguese multi-gear fleet that are caught by multiple fisheries have stronger reductions in biomass under combined fisheries, outweighing any potential declines in predation mortality (Hinke et al., 2004) . The demersal shark Scyliorhinus canicula displayed the highest vulnerability score in the cumulative analysis, in part due to its life traits, shared with other elasmobranchs, with relatively low fecundity, slow growth rates, late maturity, and long turnover rates (Cortés, 2000) , and due to its medium/high susceptibility to both fisheries. However, it should be remarked that the PSA presented here does not consider the effective fishing mortality level and is not a method to evaluate the stock status of the species. In fact, recent stock assessment of Scyliorhinus canicula in Iberian waters showed that the stock indicator is actually increasing (ICES, 2015) .
Given the overlapping range of species distributions and gear operations, important trophic links were expected within the considered list of species. This list is mainly composed of demersal species with similar depth ranges that use habitats exploited by both gears. This fact was perfectly illustrated with the achieved foodweb network, showing the central position of the main target species, due to their trophic position as predators. Nevertheless, our analysis took these biological interactions further with the outcome of high centralities for species that were not considered here. Blue whiting (M. poutassou), a small bentho-pelagic species, mainly targeted by trawl fishing operations, appears here with an equivalent centrality to the "target" species. The topological position of a species in a foodweb gives an indication of the consequences of its loss or disturbance within a given community as the "most-connected" species might trigger unexpected consequences via direct and indirect effects (Pimm, 2002) . These results indicate biological interactions between fisheries with a species that is not a target, nor even bycatch of the polyvalent fleet. In our foodweb, we also found the occurrence of closely linked trophic communities between different gear-specific target species, pointing to complex biological and technical interactions, highlighting the need for a more holistic approach to fisheries management as a management measure for a specific fleet/species might have unexpected consequences for other fleets/species through ecological pathways.
Results obtained here highlighted the need to understand properly the interactions between fisheries for management purposes. In coastal environments, such as the Portuguese, where high levels of biodiversity can be found, and different stages of species' life cycle can be narrowed distributed owing to the high habitat diversity (Pais et al., 2014) , the prevailing single-species approach has potential impacts, that do not need to be quantified to be set as a priority concern. However, it is recognized that an ecosystem approach to Portuguese mixed fisheries requires deeper studies and quality data to better characterize their fishing activities. Mixed fisheries are challenging to manage, and when combined with multi-gears, the challenge is harder to overcome with the current tools based on single-species management. On the other hand, although being widely discussed and currently a major theme of scientific debate and conceptual advice, the ecosystem approach has been difficult to implement and single-species management is still on the agenda of official regulatory and decision-making entities with consequences that have not been evaluated. Several possible approaches have been proposed, from multispecific and multifleet indices (Ulrich et al., 2012) to spatial management frameworks (Kraak et al., 2012) . Their applicability to the Portuguese polyvalent fleet should be tested and adjusted with further scientific efforts. Nevertheless, any of the proposed approaches will serve the marine ecosystem (including human communities) better than methodologies based on single-species management. 
